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Anotace	 česky:	 Diplomová	 práce	 je	 zaměřena	 na	 proces	 kultivace	 mikrořas	 a	 návrh	
modelových	 fotobioreaktorů.	 Hlavním	 cílem	 práce	 je	 návrh	 tří	 laboratorních	 zařízení	 pro	
produkci	 mikrořas	 včetně	 návrhu	 instalace	 podpůrných	 technologických	 okruhů.	 V	rámci	
práce	byla	vypracována	rešerše,	která	se	zabývá	technologií	kultivace,	procesními	parametry	
a	 výtěžností	 řas.	 V	návaznosti	 na	kritické	 analýze	 fotobioreaktorů	 byla	 navržena	 tři	
technologická	 řešení	 za	 účelem	 intenzifikace	 produkce	 mikrořas	 v	laboratorním	 měřítku.	




the	 three	 different	 scale-up	 laboratory	 photobioreactors	 including	 technological	 support	
equipments.	Within	the	research	work,	an	overview	of	existing	methods	of	algae	cultivation,	
operational	 parameters	 and	 yield	 of	 algae	 has	 been	 elaborated.	 Furthermore,	 within	 the	
design	section,	a	design	of	three	photobioreactors	for	intensification	of	algae	production	has	
been	 elaborated.	 Therefore,	 with	 help	 of	 the	 modeling	 software,	 3D	 models	 and	 design	
drawings	of	individual	conceptions	has	been	provided.	
Klíčová	 slova:	 algae,	 microalgae,	 photobioreactor,	 cultivation,	 biomass,	 biofuels,	 řasy,	
mikrořasy,	fotobioreaktor,	biomasa,	biopaliva	
Využití:	Laboratorní	zařízení	k	produkci	mikrořas.	






































In	the	recent	years,	many	countries	 in	the	world	have	made	 large	effort	 to	reduce	energy	
generated	by	the	combustion	of	fossil	fuels	in	the	recent	years.	Almost	80	%	of	global	energy	





few	years.	 The	 first	 generation	biofuels	have	already	 reached	 commercial	 level.	 The	main	
advantage	of	the	second	generation	is	that	they	do	not	directly	compete	with	arable	land	and	
have	 therefore	 a	 lower	 environmental	 impact.	 On	 the	 other	 hand,	 they	 have	 a	 lower	
conversion	rates	in	comparison	with	the	first	generation	biofuels.	Algae	biomass	is	classified	
as	 a	 third	 generation	 feedstock	 and	 has	 a	 potential	 for	 biofuel,	 food,	 feed	 and	 chemical	
production.	However,	challenges	to	commercialize	the	production	at	a	large	scale	need	to	be	
solved.		
The	aim	of	 the	 first	part	of	 this	diploma	work	 is	 to	provide	an	overview	of	existing	design	
alternatives	 for	 algae	 cultivation.	 Algae	 can	 be	 cultivated	 from	 various	 aqueous	 systems.	
Currently,	autotrophic	production	is	the	only	method	which	is	economically	and	technically	
feasible	for	scale-up	production	of	algae	biomass.	Until	now	a	number	of	different	laboratory	





The	aim	of	 this	diploma	work	 is	 to	provide	a	design	of	 three	different	scale-up	 laboratory	
cultivation	 systems.	This	work	has	been	developed	within	 the	 frames	of	a	 joint	project	of	
Czech	Technical	University	in	Prague,	University	of	Chemistry	and	Technology	in	Prague	and	


























































Algae	 are	 part	 of	 a	 large	 and	 diverse	 group	 of	 simple	 aquatic	 organisms	 that	 are	mostly	
microscopic	[3].	The	characteristic	of	algae	is	that	they	are	able	to	convert	sunlight,	CO)	and	
water	with	nutrient	to	biomass	through	photosynthesis	in	the	same	way	as	other	plants.	By	






Algae	 represent	 a	 large	 variety	 of	 species,	 which	 live	 in	 a	 wide	 range	 of	 environmental	
conditions.	Nowadays,	it	is	estimated	that	more	than	50	000	species	exist	worldwide.	On	the	
other	hand,	 limited	number	of	around	30	000	have	been	analyzed	yet.	The	population	of	












They	 are	 capable	 of	 using	 either	 process	 for	 growth.	 It	means	 that	 light	 energy	 is	 not	 an	







































Anabaena	cylindrica	 4-7	 43-56	 25-30	 -	
Chlorella	ellipsoidea	 84	 5	 16	 -	
Chlorella	pyrenoidosa	 2	 57	 26	 2.90-3.64	
Chlorella	vulgaris	 14-22	 51-58	 12-17	 0.02-0.20	
Euglena	gracilis	 14-20	 39-61	 14-18	 7.70	
Prymnesium	parvum	 22-38	 30-45	 25-33	 -	
Scenedesmus	obliquus	 12-14	 50-56	 10-17	 0.004-0.74	
Spirulina	maxima	 6-7	 60-71	 13-16	 0.21-0.25	
Spirulina	platensis	 4-9	 46-63	 8-14	 0.06-4.3	




intensity,	 temperature,	CO)	 concentration	 and	 harvesting	 procedure.	 In	 indication	 of	 the	
potential	 costs	of	 liquid	biofuel	production	 it	 is	more	useful	 to	consider	 lipid	productivity,	
















land	 use	 in	 comparison	with	 the	 first	 generation	 biofuels	 and	 it	 should	 enable	 air	 quality	
improvement	with	minimal	water	use.	Taking	into	account	all	conditions	needed	to	satisfy	




the	 biodiesel	 production	 because	 they	 are	 easy	 to	 cultivate	 and	 can	 complete	 an	 entire	
growth	cycle	every	few	days	[4].		
Plant	source	 Seed	oil	content	</21=</0123455 	
Oil	yield	621=>4 ∙ :@4A 	
Land	use	3B</01291@5@= ∙ :@4A 	
Biodiesel	
productivity	</01291@5@=>4	 ∙ :@4A 	
Corn	 44	 172	 66	 152	
Soybean	 18	 636	 18	 562	
Sunflower	 40	 1	070	 11	 946	
Palm	oil	 36	 5	366	 2	 4	747	
Low	oil	content	algae	 30	 58	700	 0.2	 51	927	
Medium	oil	content	algae	 50	 97	800	 0.1	 86	515	









biomass	productivity	 and	 resulting	oil	 yield	 according	 to	 the	 required	 land	area	 (Table	2).	




















• For	biodiesel	production,	 it	 is	necessary	 to	extract	 lipids	and	 fatty	acids	 from	algal	
biomass.	 Solvents,	 such	 as	 hexane	 or	 ethanol,	 are	 generally	 used	 for	 the	 lipid	
extraction.	It	is	time-saving	and	efficient	method	that	slightly	reduces	the	degradation.	
However,	 ethanol	 can	 also	 extract	 undesirable	 components	 such	 as	 proteins	 or	
pigments.	
• Generally,	 conversion	processes	of	biomass	 into	biofuels	 can	be	divided	 into	 three	












required	 to	 neutralize	 the	 excess	 of	 CO).	 The	 2015	 United	 Nations	 Climate	 Change	
Conference	 was	 held	 in	 Paris,	 where	 the	 participating	 195	 countries	 agreed	 to	 reduce	
emissions	as	part	of	the	method	for	reducing	greenhouse	gas.	The	members	agreed	to	reduce	
their	CO)	outputs	and	to	do	their	best	to	decrease	global	warming.	
For	 this	 purpose,	 new	 strategies	 are	 required	 for	 energy	 security	 as	 well	 as	 to	 mitigate	
emission.	Therefore,	renewable	energy	technologies	expand	and	receive	a	lot	of	attention.	
Biofuels	from	algae	biomass	have	the	potential	to	replace	fossil	fuels;	moreover,	it	is	possible	
to	 use	 them	 to	mitigate	 the	CO)	 emission	 from	 the	 atmosphere.	 However,	 challenges	 to	
commercialize	the	production	at	large	scale	need	to	be	solved.	The	demand	for	biofuels	is	not	
that	high	due	to	the	low	market	price	of	fossil	fuels,	the	high	cost	of	the	biofuels	produced	
from	algae	 and	 slow	 return	 of	 investment.	 Taking	 into	 account	 the	 previously	mentioned	
influences,	 it	 is	 necessary	 to	 improve	 technologies	 before	 algae	 biofuel	 production	 can	
become	 economically	 viable.	 This	 should	 be	 accomplished	 together	 with	 political	 and	
economic	support	by	governments,	which	will	probably	increase	due	to	the	outcomes	of	the	




cultivation	 systems.	This	work	has	been	developed	within	 the	 frames	of	a	 joint	project	of	
Czech	Technical	University	in	Prague,	University	of	Chemistry	and	Technology	in	Prague	and	
Unipetrol	 Centre	 of	 Research	 and	 Education.	Within	 the	 conceptual	 design	 and	 study	 of	
alternatives,	an	overview	of	existing	methods	of	algae	cultivation	has	been	elaborated.	The	
main	objective	of	this	section	is	to	provide	an	overview	of	the	techniques	and	equipment	used	








cultivation	 system,	 which	 could	 be	 applicable	 within	 the	 production	 system	 of	 Unipetrol	
refinery	and	petrochemical	group.	The	most	suitable	design	of	the	system	should	come	from	



























The	main	 objective	 of	 the	 following	 section	 is	 to	 provide	 an	 overview	 of	 techniques	 and	
equipment	used	for	algae	cultivation.	For	the	selection	of	the	proper	cultivation	system,	it	is	
necessary	to	define	operational	parameters	which	most	affect	the	function.	It	is	required	to	








strictly	 connected	 with	 the	 particular	 algae	 species.	 Some	 of	 them	 grow	 well	 at	 low	
temperatures	and	low	light	intensities,	whereas	others	need	higher	irradiance.	The	selection	
of	the	most	suitable	species	needs	to	take	into	account	other	factors,	such	as	for	 instance	
equilibrium	 between	 operational	 parameters:	 level	 of	 oxygen	 and	 CO),	 pH,	 product	
concentration	or	water	consumption.	Algae	biomass	production	is	based	on	a	simple	scheme,	
which	define	all	requirements	of	this	biological	process	[7]:	













use	avoids	 the	necessity	 for	 investment	or	electricity	 costs.	However,	 sunlight	 is	primarily	
restricted	to	the	surface	that	could	lead	to	large	surface	area	requirement.	Moreover,	sunlight	
intensity	 varies	with	 day	 and	 night	 cycle,	 changing	weather	 conditions	 and	with	 seasonal	
changes.	 These	 aspects	 are	 strictly	 connected	 with	 algae	 growth	 rate	 and	 metabolism.	
Specifically,	in	the	Czech	Republic,	it	is	necessary	to	consider	these	factors	in	the	first	place.	











































The	 light	 energy	 received	 by	 autotrophic	 microorganisms	 depends	 on	 the	 irradiance	I	 µE	m7)s7[ ,	which	is	expressed	as	photon	flux	density	on	the	culture	surface.	The	influence	
of	 irradiation	 on	 the	Chlorella	 algae	 species	 areal	 productivity	 is	 shown	 in	 Table	 4.	 Areal	








Thin-layer	 Outdoor	 400	 22	
Thin-layer	 Outdoor	 500	 23	
Thin-layer	 Outdoor	 540	 19	
Thin-layer	 Outdoor	 700	 38	
Thin-layer	with	LED	 Indoor	 141	 18	
Thin-layer	with	LED	 Indoor	 661	 57	
Thin-layer	with	LED	 Indoor	 2100	 185	
Flat	panel	 Indoor	 17.5	 1.3	
Flat	panel	 Indoor	 115	 2.6	
Flat	panel	 Indoor	 980	 47	
Tubular	-	conical	helical	 Indoor	 484	 31	
Tubular	-	conical	helical	 Outdoor	 580	 33	
Tubular	-	static	mixer	 Indoor	 150	 7.6	
Tubular	-	static	mixer	 Outdoor	 333	 14	
Tubular	-	static	mixer	 Outdoor	 400	 10	
Tubular	-	static	mixer	 Outdoor	 420	 37	
Tubular	-	static	mixer	 Outdoor	 420	 46	
Column	-	rotating	 Indoor	 1500	 103	
Internally	irradiated	 Indoor	 205	 14	













































of	 the	 dry	 biomass.	 The	 influence	 of	 the	 light	 conditions	 and	CO)	 concentration	 on	CO)	














Algae	 require	 two	 major	 nutrients	 for	 proper	 growth:	 compounds	 of	 nitrogen	 and	

















nutrients.	 Stirring	 should	also	 facilitate	heat	 transfer	and	 thus	avoid	 formation	of	 thermal	
gradient.	Stirring	technique	can	also	be	used	to	brake	the	gas	stream	into	small	bubbles,	as	








main	 groups:	 conservation,	 direct	 mitigation	 and	 indirect	 mitigation.	 Method	 used	 for	
reducing	electric	energy	consumption	is	called	conservation.	Direct	mitigation	method	is	used	











negative	 fertilizer	 impact	 on	 the	 cost	 of	 biofuels	 production.	 Therefore,	 combining	 algae	
biofuel	production	with	wastewater	treatment	can	offer	a	cost	effective	strategy	since	it	can	









four	 main	 processing	 modules:	 algae	 growth,	 algae	 harvesting,	 algae	 oil	 separation	 and	







































cultivation	 systems.	 Algae	 can	 be	 cultivated	 from	 various	 aqueous	 systems.	 Currently,	
autotrophic	production	is	the	only	method	which	is	economically	and	technically	feasible	for	
scale-up	production	of	algae	biomass.	Autotrophic	cultivation	systems	can	be	divided	 into	










water	 and	nutrients	 are	 circulated	 around	 a	 racetrack	 using	 paddle	wheels	 to	 keep	 algae	
suspended	 in	water	and	allow	utilization	of	CO)	 from	atmosphere.	Generally,	 the	pond	 is	
shallow	to	provide	an	light	penetration	into	algae	in	order	to	maximize	photosynthesis	effect.	
Raceway	 pond	 operates	 continuously:	 water	 and	 nutrition	 are	 supplied	 into	 the	 pond,	
whereas	mature	algae	are	removed.	It	has	a	potential	to	produce	relatively	large	quantity	of	
algae.	However,	the	main	drawback	is	that	it	is	difficult	to	control	surrounding	environmental	
condition	 such	 as	medium	 temperature,	 weather	 and	 possibility	 of	 contamination.	 These	
condition	 can	 significantly	 affect	 algae	 biomass	 production	 due	 to	 evaporation	 losses,	









The	 thin-layer	cascade	cultivation	system	consists	of	a	basin,	 retention	 tank	connected	by	
pump	and	pipelines	to	a	horizontal	sloping	cascade	plate	(Fig.	10).	Algal	suspension	flows	in	a	



































used	 for	 algae	 cultivation.	 The	main	 advantage	 is	 high	productivity	 thanks	 to	 an	effective	





































to	 illumination.	The	photobioreactors	are	made	of	a	 transparent	plate	 for	maximum	solar	
energy	 capture.	 High	 radiation	 absorbance	 is	 secured	 by	 thin	 layer	 of	 dense	 culture	 flow	
across	the	flat	plate.	The	productivity	is	significantly	influenced	by	shading	and	diffuse	light	














The	main	benefit	of	column	photobioreactors	 (Fig.	18)	 is	 the	most	efficient	agitation,	high	
volumetric	 mass	 transfer	 rates	 and	 controllable	 growth	 conditions.	 Moreover,	 columns	
require	 less	 energy	 for	 cooling	 because	 of	 the	 low	 surface	 to	 volume	 ratio	 and	 the	
photobioreactor	 ensures	 a	 circulation	 of	 the	 algae	 culture	 without	 moving	 parts	 or	
mechanical	 pumping,	 which	 leads	 to	 a	 low	 shear	 stress.	 A	 vertical	 orientation	 of	 the	
construction	decreases	requirements	for	land	area	[12].	The	columns	are	aerated	from	the	


































A	scheme	of	the	photobioreactor	with	 internal	 light	source	 is	shown	in	Figure	21.	Couette	













the	 photobioreactor	 is	 to	 provide	 a	 high	 illuminated	 surface-area	 to	 volume	 ratio.	 The	
photobioreactor	consists	of	a	vessel	with	internal	illuminating	surface	for	enhancing	the	light	
















































































































































































The	 first	part	of	 the	algae	cultivation	process,	described	 in	paragraph	4,	 is	 focused	on	the	
operational	 parameters	 and	 factors	 that	 affect	 the	 algae	 cultivation.	 The	 light	 is	 a	
fundamental	 parameter	 which	 significantly	 affects	 the	 production	 of	 algae	 biomass:	
increasing	progress	in	areal	productivity	with	increasing	irradiance	has	been	demonstrated.	
The	main	benefit	of	photobioreactors	 is	 the	ability	 to	mitigate	CO)	 from	the	atmosphere,	
which	is	significantly	influenced	by	the	light	conditions	as	well.	The	influence	of	aeration	and	
lighting	 conditions	 on	 fixation	 rate	 of	 CO)	 has	 been	 described	 in	 paragraph	 4.1.3.	 The	
economic	conditions	and	features	associated	with	the	location	of	cultivation	system	should	
also	be	taken	into	account	during	the	light	source	designing.	The	designed	photobioreactors	
should	 be	 able	 to	 operate	 in	 indoor,	 as	 well	 as	 outdoor	 conditions.	 However,	 for	 the	
laboratory	equipment	design,	the	light	source	will	be	provided	by	artificial	lighting.	In	terms	
of	 electric	 energy	 consumption	 and	 operation	 stability,	 LED	 light	 source	 appears	 as	
appropriate.	In	terms	of	CO)	fixation	in	Chlorella	species,	the	use	of	red-spectrum	light	seems	
to	 be	 the	 best	 option.	 Stirring	 is	 an	 important	 feature	 for	 proper	 algae	 cultivation.	
Accordingly,	stirring	should	provide	a	sufficient	agitation	to	prevent	algae	cells	sedimentation.	
On	 the	other	 hand,	 stirring	has	 to	 be	optimized	 carefully	 because	high	 levels	 of	 agitation	
would	 result	 in	 cell	 death	 from	 shear.	 Taking	 into	 account	 these	 characteristics,	 stirring	
through	aeration	seems	to	be	the	most	appropriate	solution	to	the	problem.	
Until	 now	 a	 number	 of	 various	 laboratory,	 as	 well	 as	 industrial	 cultivation	 have	 been	












































proper	 function	 and	 the	 possibility	 of	 construction	 realization.	 Great	 number	 of	 various	
photobioreactor	designs	working	at	various	operating	conditions	has	been	published	in	many	
publications	worldwide.	Therefore,	comparison	of	different	design	variants	is	very	complex	
and	 it	 is	 also	 difficult	 to	 define	 which	 operating	 conditions	 of	 the	 equipment	 affect	 the	




The	 main	 objective	 of	 this	 work	 is	 to	 obtain	 three	 design	 variants	 of	 pilot-plant	
photobioreactors	 that	 could	 be	 compared.	 It	 is	 possible	 to	 define	 numerous	 comparing	
criteria;	however,	one	of	the	fundamental	parameters	of	performance	is	algae	production.	
On	the	other	hand,	an	assessment	of	a	possibility	to	scale-up	to	full	operating	facilities,	as	
well	as	the	 impact	of	the	surrounding	environment,	 is	 important.	Therefore,	a	ratio	of	the	
irradiated	area	of	photobioreactor	to	the	built-up	area	around	the	photobioreactor	seems	to	
be	a	suitable	parameter	for	comparison.	





using	 external	 retention	 vessel	 seems	 to	 be	 the	 most	 appropriate,	 providing	 the	 CO)	
absorption	 into	processed	medium	outside	 the	photobioreactor	part	of	 the	equipment.	 It	
would	thus	ensure	that	the	absorption	performance	is	the	same,	and	this	construction	variant	
seems	 to	 be	 more	 appropriate	 from	 the	 viewpoint	 of	 temperature	 control	 and	 further	
modification	 of	 the	 processed	 medium	 as	 well.	 It	 is	 also	 appropriate	 to	 ensure	 that	 the	
photobioreactor	part	of	the	equipment	will	process	the	same	amount	of	medium	and	that	
the	irradiated	area	will	be	same	too.	Therefore,	the	ratio	of	the	irradiated	area	to	the	volume	




variation	 so	 as	 to	 ensure	 the	 same	 retention	 time	 of	 the	 processed	 medium	 in	 the	




and	 temperature	 control.	 The	 volume	 of	 retention	 vessel	 is	 chosen	 100	l.	 The	
construction	of	retention	vessel	enables	the	dosage	of	fresh	medium,	nutrients	and	
pH	control	of	the	processed	medium.	
• The	 algae	 cultivation	 system	 requires	 the	 possibility	 of	 irradiation	 time	 control.	
Therefore,	it	is	necessary	to	ensure	circulation	of	processed	media	in	photobioreactor	
section.	
• The	 volume	 of	 photobioreactor	 section	 is	 chosen	 to	 process	100	l	 of	 algae/water	
mixture.	
• In	order	to	compare	each	photobioreactor	performance,	it	is	necessary	to	design	same	
irradiation	area	 in	photobioreactor	 section	and	ensure	 the	same	residence	 time	as	
well.	















The	 retention	 vessel	 is	 proposed	 so	 that	 it	 could	 process	100	L	 of	 the	medium,	 i.e.,	 the	
mixture	of	water	and	algae.	If	20	L	is	considered	as	a	reserve,	the	vessel	should	be	designed	
for	120	L	capacity	and	polyethylene	is	used	as	a	construction	material.	A	description	of	the	






of	 various	 algal	 species,	 it	 is	 necessary	 to	 control	 temperature	of	 the	processed	medium.	
Therefore,	 the	nozzles	N4	and	N5	are	attached	to	 the	retention	vessel	 to	enable	 the	heat	
exchanger	connection,	and	thus	to	avoid	undesirable	temperature	changes.	Installation	of	the	
heat	 exchanger	would	be	needed	only	 in	 case	of	 use	of	 intense	 local	 light	 source	 for	 the	










Generally,	 the	 retention	 vessel	 is	 used	mainly	 to	 provide	 proper	 absorption	 condition	 for	
nutrients	 and	 the	 processed	medium;	 however,	 it	 is	 also	 used	 for	 algae	 relaxation	which	
means	that	algae	also	need	a	non-irradiated	section	to	calm	and	further	develop	their	growth.	
















operational	parameters	on	algal	growth,	it	is	necessary	to	ensure	the	possibility	to	vary	the	CO)/air	 ratio	 in	 the	 aeration	 gas.	 To	 comply	 with	 this	 requirement,	 the	 aeration	 gas	 is	
prepared	in	a	mixing	chamber	connected	to	an	air	compressor	station	and	CO)	pressurized	
vessel.	The	aeration	gas	is	injected	into	the	retention	vessel	through	the	flange	N8	shown	in	










































Nowadays,	 there	 exist	 a	 large	 number	 of	 different	 design	 options	 of	 flat	 panel	
photobioreactors.	The	variants	usually	differ	 in	the	rake	angle	of	the	panel	and	also	in	the	
length	 of	 the	 distance	 between	 the	 plates.	 It	 is	 the	 weakness	 of	 the	 flat	 panel	
photobioreactors	 that	 they	 require	 adequate	 agitation	 of	 the	 processed	 medium	 in	 the	
irradiated	area	and	 sufficient	 irradiance.	 The	agitation	of	 the	processed	medium	 is	 a	 very	









The	 processing	 function	 of	 the	 flat	 panel	 photobioreactor	 indicates	 that	 one	 of	 the	most	
important	 operating	 conditions	 in	 the	 designing	 is	 the	 necessity	 to	 ensure	 a	 sufficient	





















the	 effect	 of	 the	 local	 light	 source	 on	 the	 algae	 production.	 As	 a	 basic	 setting,	 a	
photobioreactor	with	a	central	light	source	is	considered.	Height	and	width	of	the	panel	were	
chosen	as	input	design	parameters,	so	the	photobioreactor	will	be	able	to	work	in	university	
laboratory	conditions:	the	height	is	h = 2	m,	the	width	is	w = 2	m	and	the	gap	between	the	
panels	 is	 b = 45	mm.	 However,	 the	 construction	 of	 the	 photobioreactor	 provides	 the	
opportunity	to	insert	internal	panels,	which	can	regulate	the	volume	of	processed	medium	in	
the	 photobioreactor	 section.	 More	 specifically,	 volume	 can	 be	 regulated	 by	 shifting	 the	
internal	panels	in	rails	(Fig.	28).	With	the	help	of	the	rails,	the	volume	of	processed	medium	
in	 the	 flat	 panel	 photobioreactor	Vkll	 can	 be	 controlled	 in	 the	 range	 shown	 in	 Table	 8.	
Consequently,	the	irradiated	area	of	the	flat	panel	photobioreactor	can	be	defined	by	









stirring	 the	 processed	medium	 is	 an	 important	 operating	 parameter	 to	 ensure	 its	 proper	
irradiance.	The	need	for	agitation	increases	with	increasing	processed	medium	volume	in	the	
photobioreactor	section.	During	the	flow	over	a	flat	panel,	the	flow	of	processed	media	can	
be	 in	 laminar	 regime	due	 to	 the	 low	 flow	 rates.	 The	agitation	process	 can	be	ensured	by	




direction	 of	 the	 flow	 of	 the	 processed	 medium	 layers.	 The	 flow	 conditions	 in	 flat	 panel	



















of	 the	 part	 of	 the	 laboratory	 occupied	 by	 the	 flat	 panel	 photobioreactor	 is	 Akll_stu =0.45	m).	Consequently,	the	ratio	of	the	irradiated	photobioreactor	area	to	the	area	of	the	
laboratory	can	be	defined	by	




















The	 tubular	 photobioreactor	 is	 one	 of	 the	 most	 widely	 used	 closed	 systems	 for	 algae	
cultivation	and	its	function	is	relatively	simple.	It	operates	on	the	principle	that	the	processed	













process	 100	L	 of	 a	 medium	 in	 its	 section	 –	 the	 same	 amount	 as	 in	 the	 flat	 panel	
photobioreactor.	 Taking	 into	 account	 the	previously	mentioned	 requirements,	 in	 order	 to	





of	 the	 processed	 medium	 for	 both	 cases,	 as	 well	 as	 to	 keep	 irradiated	 areas	 equal.	
Consequently,	in	case	of	connection	with	the	retention	vessel,	200	L	of	algae/water	mixture	
will	be	processed.	The	tubular	photobioreactor	consists	of	36	polymethylmethacrylate	tubes,	











thickness	 are	 used	 for	 the	 tubular	 photobioreactor.	 For	 the	 preselected	 amount	 of	 the	
processed	medium	in	the	photobioreactor	section	and	the	number	of	tubes,	the	tube	length	
of	 1	480	mm	 is	 required.	 Consequently,	 it	 is	 possible	 to	 determine	 the	 irradiated	
photobioreactor	 area.	However,	 the	part	 of	 the	 tube,	 used	as	 a	 connection	 to	 the	 knees,	
requires	to	be	included	in	the	calculation	as	well.	Therefore,	the	total	length	of	the	irradiated	
tube	is	1	418	mm.	The	irradiated	area	of	the	tubular	photobioreactor	can	be	defined	by	











photobioreactor	 because	 it	 is	 necessary	 to	 irradiate	 the	 total	 volume	 of	 the	 processed	
medium	 inside	 the	 transparent	 tubes.	 An	 insufficient	 agitation	 could	 also	 lead	 to	 a	









Re = D ∙ vν = D ∙ v ∙ ρµ 	 (6)	
where	 D	 m ,	 v	 m	s7[ ,	 ν	 m)	s7[ ,	 µ	 Pa	s ,	 and	ρ	[kg	m7Å]	 are	 the	 characteristic	
dimension,	 the	 velocity,	 the	 kinematic	 viscosity,	 the	 dynamic	 viscosity,	 and	 the	 density,	
respectively.	From	the	definition	of	the	Reynolds	number	is	apparent	that	the	flow	regime	
and	 agitation	 conditions	 can	 be	 affected	 by	 a	 flow	 velocity	 modification	 in	 the	 tubular	






























algae	 production.	 As	 was	 mentioned	 in	 paragraph	 4.3.,	 the	 main	 benefits	 of	 this	
photobioreactor	are	low	capital	and	operational	costs.	On	the	other	hand,	the	main	drawback	
is	a	high	requirement	for	surface	area,	so	that	these	photobioreactors	are	primarily	used	in	
outdoor	 conditions.	 The	 need	 to	 stir	 the	 processed	 medium	 is	 even	 more	 significant	 in	
comparison	 with	 two	 previously	 mentioned	 versions	 (paragraph	 5.2.	 and	 5.3.).	 Agitation	
process	 is	 usually	 provided	 by	 a	 rotating	 cylinder	 with	 variously	 shaped	 blades.	 Rotating	
blades	enable	the	medium	to	flow	as	well.	Generally,	the	level	of	algae/water	mixture	is	high	
in	the	raceway	photobioreactor	section	and,	therefore,	the	irradiation	of	light	source	through	
the	processed	medium	 is	 complicated.	The	agitation	process	 is	also	 important	 in	order	 to	
eliminate	algae	sedimentation.	
The	 cascade	photobioreactor	has	a	 similar	 construction	and	 function	as	 the	 raceway	one.	




A	 combination	 of	 the	 raceway	 and	 cascade	 photobioreactors	 seems	 to	 be	 the	 most	
appropriate	option.	Thus,	the	aim	of	the	track	photobioreactor	design	part	is	to	enable	the	
processed	medium	level,	as	well	as	the	residence	time	to	be	controlled.	Sufficient	agitation	
conditions	 represent	 another	 important	 requirement;	 the	 possibility	 to	 incline	 the	 track	
platforms	 would	 also	 be	 a	 benefit.	 For	 the	 simple	 raceway	 operational	 mode,	 the	 track	
platforms	can	be	 in	a	horizontal	position	and	the	medium	circulation	can	be	ensured	by	a	
pump.	Alternatively,	in	the	cascade	operational	mode,	the	photobioreactor	platforms	can	be	











regulated	 in	the	photobioreactor	section	and	the	maximum	volume	 is	designed	to	VvÇl =220	L.	The	irradiated	area	of	the	track	photobioreactor	can	be	defined	by	
AvÇl = wvÇ ∙ lvÇ = 0.784 ∙ 2.2 = 1.72	m)	 (7)	
The	 total	 area	 of	 the	 part	 of	 the	 laboratory,	 occupied	 by	 the	 track	 photobioreactor,	 is	AvÇl_stu = 1.76	m).	According	to	this,	the	irradiated	area	is	almost	identical	to	the	occupied	
area	of	the	laboratory	















































By	 the	 operational	 and	 environmental	 conditions	 is	meant	 same	 irradiation	 intensity	 and	
environmental	 temperature.	 It	 is	 also	 important	 to	 ensure	 that	 function	 of	 each	
photobioreactor	 does	 not	 have	 an	 influence	 on	 the	 other	 photobioreactors	 function.	
According	to	this	requirement,	it	would	be	appropriate	to	install	each	equipment	in	separate	




















processed	 medium	 between	 the	 vessel	 and	 photobioreactor	 is	 ensured	 by	 a	 pump.	 To	
evaluate	the	performance	of	the	algae	production	is	needed	to	measure	the	most	important	
parameters	 affecting	 the	 algae	 growth.	 Therefore,	 measuring	 equipments	 are	 placed	 in	
photobioreactors	system	as	well.	The	factors	that	most	affect	the	algae	growth	are	described	
in	paragraph	4.1.	During	the	algae	cultivation,	concentration	of	CO),	temperature	changes	
after	passing	 through	 the	 irradiated	area	and	pH	of	processed	medium	are	measured.	 To	


































vessel	 and	 photobioreactor	 section,	 the	 connection	 piping	 is	 placed	 between	 the	
photobioreactor	 section	outlet	 and	pump	 inlet	 as	 is	 shown	 in	piping	 and	 instrumentation	





be	 the	 most	 appropriate	 option.	 Peristaltic	 pumps	 transport	 material	 by	 mechanically	





calculation	 will	 be	 adjusted	 by	 correcting	 parameter	 for	 a	 pumping	 of	 water	 and	 algae	
mixture.	Dynamic	viscosity	of	water	at	25	°C	is	µÉ = 0.0011	Pa	s.	The	density	of	water	at	the	
same	 temperature	 is	 ρÉ = 997	kg	m7Å.	 Required	 delivery	 flow	 rate	 of	 the	 pump	 is	
determined	from	the	required	flow	regime	and	residence	time	of	the	processed	medium	in	
photobioreactor.	The	velocity	influence	on	agitation	of	medium	in	tubular	photobioreactor	











tvl = VvlVvl = π ∙ dÑÖ
)4 ∙ nv ∙ lvvvl ∙ π ∙ dÑÖ)4 = nv ∙ lvvvl = 36 ∙ 1.4180.2 = 255.2	s	 (10)	
where	Vvl	[mÅ]	 is	the	volume	of	processed	medium	in	 irradiated	area,	Vvl	[mÅs7[]	 is	the	
volumetric	flow	of	processed	medium	in	tubular	photobioreactor.	In	order	to	compare	the	
performances	of	photobioreactors,	it	 is	necessary	to	ensure	the	same	residence	time	in	all	








Rekll = vkll ∙ Dkll ∙ ρÉµÉ = vkll ∙ nl ∙ 4 ∙ b ∙ ρÉµÉ 	 (12)	
where	 Dkll	 m 	 is	 the	 characteristic	 dimension	 of	 flat	 panel	 photobioreactor	 and	vkll	 m	s7[ 	is	the	mean	flow	velocity	in	flat	panel	photobioreactor.	Required	flow	velocity	
can	be	derived	from	the	equality	of	the	residence	time	
vkll = VkllSkll = Vklltvl2 ∙ b ∙ w = 0.164255.22 ∙ 0.02 ∙ 2.005 = 8.01 ∙ 107Å	m	s7[	 (13)	
where	 Skll	 m) 	 is	 the	 cross-section	 of	 flow	 in	 flat	 panel	 photobioreactor.	 The	 Reynolds	
number	can	be	derived	from	the	equation	(12)	and	(13)	




According	 to	 flow	 between	 two	 parallel	 panels,	 the	 range	 of	 Re = 1	000	 to	 1	500	








The	 correlation,	which	 relates	 to	 the	 head	 loss	 in	 hydraulically	 rough	 pipes	 for	 turbulent	
regime,	contains	a	dimensionless	 friction	 factor	λ,	 known	as	 the	Darcy	 friction	 factor.	The	
friction	factor	can	be	calculated	with	help	of	the	Reynolds	number	and	the	relative	roughness	
of	pipe	kàxs	
λ = 2 ∙ log 0.27 ∙ kàxs + 7Revl â.ä 7)	 (15)	
The	relative	roughness	of	pipe	can	be	derived	from	the	absolute	pipe	roughness	ktuã,	which	
is	for	polymethylmethacrylate	tubes	ktuã = 0.002	mm	
kàxs = ktuãdÑÖ = 0.002 ∙ 107Å0.044 = 0.000045	 (16)	
Consequently,	the	friction	factor	can	be	derived	from	equations	(9),	(15)	and	(16)	
λ = 2 ∙ log 0.27 ∙ 0.000045 + 77	976 â.ä 7) = 0.033	 (17)	
Using	this	friction	factor,	head	loss	can	be	derived	from	the	equation	
∆p[ = λ ∙ lvldÑÖ ∙ vvl)2 ∙ ρÉ = 0.033 ∙ 66.580.044 ∙ 0.2)2 ∙ 997 = 995.7	Pa	 (18)	






ξu = π2 ∙ λ ∙ rèdÑÖ = π2 ∙ 0.033 ∙ 0.10.044 = 0.12	 (19)	
where	rè	[m]	is	the	knee	radius.	The	friction	loss	coefficient	is	defined	by	
ξê = 0.21 ∙ rèdÑÖ 7[) = 0.21 ∙ 0.10.044 7[) = 0.14	 (20)	
The	banding	minor	losses	coefficient	can	be	derived	from	equations	(19)	and	(20)	
ξè = ξu + ξê = 0.12 + 0.14 = 0.26	 (21)	
The	minor	head	loss	can	be	derived	
∆p) = ξè ∙ nè ∙ vvl)2 ∙ ρÉ = 0.26 ∙ 70 ∙ 0.2)2 ∙ 997 = 362.9	Pa	 (22)	
The	total	loss	can	be	derived	from	the	equations	(14)	and	(18)	
∆pê = ∆p[ + ∆p) = 995.7 + 362.9 = 1	358.6	Pa	 (23)	
The	pressure	at	the	input	in	the	retention	vessel,	pÇë	is	supposed	to	assume	a	value	equal	to	
to	hydrostatic	pressure	at	the	bottom	of	retention	vessel	


















water,	 it	 is	necessary	 to	consider	higher	pressure	demands	on	 the	 system.	Therefore,	 the	
pressure	supplied	by	the	pump	to	the	system,	pí,	is	considered	to	assume	a	value	of	50	kPa.	
To	ensure	a	proper	pumping	in	the	system,	Hydro-Tech	P_classic	35	pump	has	been	chosen.	

































In	 Table	 9,	 an	 overview	 of	 design	 and	 operational	 parameters	 is	 shown.	 The	 ratio	 of	 the	
irradiated	photobioreactor	area	to	the	area	of	the	of	the	laboratory	of	each	photobioreactor	







	 Flat	panel	 Tubular	 Track	
Maximal	medium	volume	
in	irradiated	area	oqîï	 6 	 220	 100	 220	
Irradiated	area	ñqîï	 3B 	 8	 8.01	 1.76	
Laboratory	area	occupied	







Equipment	weight	3qîï	 </ 	 140	 55	 40	
Residence	time	in	
photobioreactor	section	óqîï	 5 	 255	


































Algae	 biomass	 cellular	 structure	 and	 possibility	 of	 components	 optimization	 have	
been	 described.	 The	 comparison	 of	 algae	 with	 other	 biodiesel	 feedstocks	 and	
conversion	process	of	algae	biomass	is	shown.	
• An	overview	of	algae	cultivation	and	 influence	of	properties	and	factors	have	been	
described.	 The	 ration	 of	 dependence	 is	 strictly	 connected	 with	 the	 type	 of	 algae	
species.	For	the	selection	of	the	proper	cultivation	system,	it	 is	necessary	to	define	




for	 algae	 irradiation	 seems	 to	 be	 the	 best	 option.	 In	 electricity	 consumption	 and	
operation	stability	terms,	LED	light	source	appears	as	appropriate.	
• Some	algae	species	tolerate	a	broad	range	of	temperatures	between	15	and	45	°C.	
For	 this	 reason,	 it	 is	 appropriate	 to	 use	 closed	 indoor	 system	 due	 to	 its	 easier	
temperature	control.	
• Utilization	 of	 CO)	 by	 algae	 for	 its	 growth	 can	 be	 divided	 into	 two	 main	 stages:	
absorption	of	CO)	by	mass	transfer	and	fixation	of	CO)	by	photosynthesis.	The	aim	of	
the	 absorption	 is	 to	 reduce	 the	mass	 transfer	 resistance.	 The	 ways	 for	 increasing	
transfer	 area	 are	 bubbling	 or	 absorption	 in	 packed	 bed.	However,	 the	mechanism	
must	be	suitable	for	O)	production	from	algae	as	well,	because	high	presence	of	O)	
around	algae	cells	is	undesirable.	The	source	of	CO)	may	be	surrounding	air	at	a	CO)	











sedimentation	 of	 algae	 cells	 and	 ensure	 that	 all	 cells	 will	 have	 uniform	 average	
exposure	time	to	light	and	nutrients.	
• Algae	 production	 could	 have	 significant	 influence	 on	 environmental	 impact.	Direct	
mitigation	 method	 is	 used	 to	 capture	 CO)	 directly	 from	 atmosphere	 and	 indirect	




Autotrophic	 production	 is	 the	 only	 method	 which	 is	 currently	 economically	 and	
technically	feasible	for	scale-up	production	of	algae	biomass.	
• Design	alternatives	have	been	divided	into	the	three	main	groups:	open	pond	system,	


















• Retention	 vessel,	 flat	 panel	 photobioreactor,	 tubular	 photobioreactor	 and	 track	
photobioreactor	have	been	designed.	Design	drawing	and	equipment	3D	model	have	
been	elaborated	for	each	cultivation	system.	
• The	 scheme	 of	 laboratory	 layout	 with	 dimensional	 disposition	 and	 laboratory	 3D	
model	have	been	elaborated.	
• The	 piping	 and	 instrumentation	 diagram	 for	 each	 cultivation	 system	 has	 been	
provided	and	technical	support	equipments	have	been	specified.	
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9.	Appendixes	
Appendix	1:	Design	drawing,	FLAT	PANEL	PHOTOBIOREACTOR:	VB01	–	01.0001	
Appendix	2:	Design	drawing,	TUBULAR	PHOTOBIOREACTOR:	VB01	–	02.0001	
Appendix	3:	Design	drawing,	TRACK	PHOTOBIOREACTOR:	VB01	–	03.0001	
Appendix	4:	Design	drawing,	RETENTION	VESSEL:	VB01	–	04.0001	
Appendix	5:	Data	sheet,	PERISTALTIC	PUMP:	VB01	–	05.0001	
Appendix	6:	Data	sheet,	AIR	OIL-FREE	COMPRESSOR:	VB01	–	06.0001	
